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with  and  without 

Nonresonant  Background  Suppression 


SUMMARY 

Species  detectivity  is  limited  in  conventional  CARS  with  aligned  laser 
polarizations  by  the  presence  of  a  background,  nonresonant  electronic  contri¬ 
bution  to  the  CARS  signal.  At  low  species  densities,  a  modulated  CARS  spectrum 
results  which  can  be  used  to  perform  concentration  measurements  from  the  spectral 
shape,  a  unique  feature  of  CARS.  When  the  species  concentration  becomes  very 
low,  the  "signal"  from  the  specie  of  interest,  i.e.  the  modulation,  essentially 
disappears  into  the  nonresonant  background  and  the  specie  is  no  longer  detectable. 
By  proper  orientation  of  the  polarizations  of  the  pump  and  Stokes  laser  fields  and 
the  CARS  signal  polarization  analyzer,  the  nonresonant  background  can  be  suppressed 
leaving  the  pure  CARS  spectrum  of  the  specie  being  probed.  Unfortunately,  a  factor 
of  sixteen  reduction  in  resonant  mode  signal  accompanies  the  elimination  of  the 
background.  In  this  report,  investigations  of  background  suppression  from  CO  in 
flames  are  described  using  polarization  sensitive  CARS  with  spectrally  broadband 
Stokes  waves.  The  studies  were  conducted  in  flat  CO-air  diffusion  flames  employing 
nonplanar,  crossed-beam  phase  matching,  i.e.  folded  BOXCARS.  The  relative  concen¬ 
tration  sensitivity  of  CARS  with  and  without  background  suppression  was  compared 
at  both  high  and  low  temperatures.  In  all  cases,  the  detection  sensitivity  of 
CARS  with  the  nonresonant  background  present  was  found  to  be  better,  typically  by 
a  factor  of  five,  than  with  the  background  suppressed.  Approaches  to  species 
concentration  measurements  which  exploit  partial  cancellation  of  the  nonresonant 
background,  and  in-situ  CARS  reference  generation  from  the  nonresonant  background 
are  suggested.  These  approaches  eliminate  the  requirement  for  reference  cells, 
which  may  be  inapplicable  for  CARS  diagnostics  in  practical  combustion  devices  due 
to  the  effects  of  turbulence  and  attenuation  from  soot  and  fuel  sprays. 


INTRODUCTION 


Coherent  anti-Stokes  Raman  spectroscopy  (CARS)  (Refs.  1-4  and  the  references 
therein)  has  received  considerable  attention  in  the  last  several  years  for  remote 
combu&tion  diagnostics  because  of  its  potential  applicability  to  practical  systems, 
such  as  furnaces,  gas  turbine  combustors,  and  internal  combustion  engines,  over 
their  broad  operational  ranges.  Spontaneous  Raman  scattering  has  also  been  widely 
investigated  in  this  regard  (Refs.  5-9)  and  has  been  utilized  in  a  number  of 
practical  situations  (Refs.  9-12).  However,  its  application  is  often  restricted  in 
these  cases  to  certain  fuels,  stoichiometries,  cycles  and  locations.  Due  to  its 
weak  signal  strength  and  incoherent  character,  interferences  from  background 
luminosity  (Refs.  2,9),  fluorescences  from  fuel  fragments  (Refs.  9,  13-16)  and/or 
laser-induced  incandescence  from  soot  (Refs.  17,  18)  can  mask  detection  of  the 
Raman  signals,  sometimes  by  orders  of  magnitude.  With  visible-wavelength  lasers, 
laser- induced  or  modulated  soot  incandescence  is  generally  the  most  severe  inter¬ 
ference  in  hydrocarbon-fueled  diffusion  flames  (Ref. 2).  Under  ONR/Project  SQUID 
sponsorship  (Contract  8960-20),  UTRC  investigated  potential  solutions  to  inter¬ 
ferences  from  laser  modulated  soot  incandescence  (Refs.  17,  19)  for  spontaneous 
Raman  scattering.  Based  upon  those  investigations,  it  was  concluded  that  alterna¬ 
tive  diagnostic  approaches  with  inherently  higher  signal/interference  ratios  needed 
to  be  investigated  before  practical  combustor  probing  could  be  realized.  At  that 
time  (1977),  CARS  appeared  the  most  promising  of  several  nonlinear  techniques  for 
the  diagnostic  probing  of  high  interference  environments,  but  had  not  been  demon¬ 
strated  in  particle  laden  situations.  Under  ONR/Project  SQUID  sponsorship 
(Contract  8960-28),  UTRC  demonstrated  successful  CARS  temperature  measurements, 
both  averaged  and  single  pulse,  in  sooting,  laminar  and  turbulent,  propane  diffusion 
flames  (Refs.  20,21).  In  1979,  CARS  was  successfully  demonstrated  in  a  number  of 
practical  combustion  environments  at  our  laboratory  and  others,  including  simula¬ 
tions  of  gas  turbine  combustors  (Refs.  22-24)  and  an  internal  combustion  engine 
(Ref.  25). 

Another  area  in  CARS,  which  needed  to  be  addressed  at  the  time  the  investiga¬ 
tion  described  herein  was  proposed  (mid  1978) ,  concerns  nonresonant  susceptibility 
contributions  to  the  CARS  signal.  These  nonresonant  signals,  in  essence,  form  a 
baseline  or  background  level  into  which  the  CARS  signal  from  a  given  species 
disappears  at  low  concentration  levels.  For  typical  molecules  of  interest  in 
combustion,  e.g.  O2,  CO,  it  is  difficult  to  perform  concentration  measurements 
much  below  the  several  tenths  of  one  percent  level.  The  nonresonant  contributions 
have  an  electronic  origin  as  opposed  to  the  resonant  Raman  terms  arising  primarily 
from  the  nuclear  motions  of  the  molecule.  As  a  consequence,  the  nonresonant 
susceptibility  contributions  exhibit  different  symmetry  properties  and,  hence, 
different  dependences  on  the  polarizations  of  the  incident  laser  fields  than  do 
the  desired  resonant  terms.  By  proper  orientation  of  the  laser  field  and  CARS 
polarizations,  it  is  possible  to  suppress  the  nonresonant  electronic  contributions 
to  the  CARS  signals  permitting,  in  principle,  detection  of  species  to  considerably 
lower  concentrations.  Unfortunately,  for  symmetric  Raman  modes,  a  factor  of  sixteen 
resonant  mode  signal  loss  accompanies  the  cancellation  of  the  nonresonant  suscepti- 


bility  contributions. 


At  the  time  of  our  proposal,  demonstrations  of  background  cancellation  were 
restricted  to  liquids  (Refs.  26,27)  or  gases  in  cells  (Ref.  28).  Since  then, 
demonstrations  of  background  cancellation  have  occurred  in  flames  from  CO  using 
collinear  phasematching  (Ref.  29)  or  BOXCARS  (Ref.  30),  and  from  CO2  using  BOXCARS 
(Ref.  22).  Additional  liquid-phase  investigations  have  also  been  reported  (Ref.  31). 
Background  cancellation  has  also  been  reported  using  picosecond  laser  pulses  with 
time  delay  between  the  pump  and  Stokes  waves  (Ref.  32).  In  all  of  the  previous 
investigations,  narrowband  Stokes  waves  were  used.  In  this  report,  investigations 
are  described  of  polarization  sensitive,  nonresonant  susceptibility  suppression 
from  flame  CO  using  BOXCARS  and  broadband  Stokes  waves  as  would  be  required  for 
measurements  with  both  high  spatial  and  temporal  resolution.  In  certain  concentra¬ 
tion  ranges,  typically  0.1  to  20%,  the  presence  of  the  nonresonant  susceptibility 
can  be  exploited  since  it  leads  to  spectra  which  are  concentration  sensitive,  i.e. 
concentration  measurements  can  be  performed  from  spectral  shapes.  Because  of  the 
signal  loss  accompanying  background  cancellation  together  with  the  difficulties 
inherent  in  intensity  measurements  in  CARS,  the  focus  of  this  investigation  has 
been  upon  the  relative  concentration  sensitivity  of  the  two  approaches,  i.e.  with 
and  without  the  nonresonant  susceptibility  cancelled.  Attention  has  also  been 
focussed  on  the  best  approach  to  density  measurements  using  CARS,  particularly  in 
regard  to  application  to  practical  combustors. 

In  the  next  section  of  this  report,  CARS  will  be  briefly  reviewed  for  complete¬ 
ness.  Then  the  theory  describing  the  polarization  behavior  of  CARS  will  be  pre¬ 
sented.  The  CARS  experimental  arrangement  and  the  burner  employed  will  then  be 
discussed  preceeding  the  presentation  of  the  experimental  results.  The  report 
concludes  with  a  discussion  of  the  experimental  results  together  with  an  examination 
of  CARS  approaches  for  density  and  concentration  measurements  in  combustion,  par¬ 
ticularly  in  turbulent,  particle-laden  media,  e.g.  soot,  fuel  droplets. 


COHERENT  ANTI-STOKES  RAMAN  SPECTROSCOPY 


Coherent  anti-Stokes  Raman  spectroscopy  (CARS)  is  capable  of  the  diagnostic 
probing  of  high  interference  environments  due  to  its  high  signal  conversion 
efficiency  and  coherent  signal  behavior.  CARS  signal  levels  are  often  orders  of 
magnitude  stronger  than  those  produced  by  spontaneous  Raman  scattering.  Its 
coherent  character  means  that  all  of  the  generated  signal  can  be  collected,  and 
over  such  a  small  solid  angle,  that  the  collection  of  interferences  is  greatly 
minimized.  CARS  thus  offers  signal  to  interference  ratio  improvements  of  many 
orders  of  magnitude  over  spontaneous  Raman  scattering  and  appears  capable  of 
probing  practical  combustion  environments  over  a  broad  operational  range.  In  ex¬ 
periments  at  our  laboratory  and  elsewhere,  CARS  has  been  successfully  demonstrated 
in  practical  combustion  situations.  With  such  "real  world"  demonstrations,  one 
might  anticipate  CARS  to  see  widespread  practical  utilization  in  the  coming  years. 


The  theory  and  application  of  CARS  are  well  expelained  in  several  reviews  which 
have  appeared  recently  (Refs.  1-4).  Briefly,  as  illustrated  in  Fig.  1,  incident 
laser  beams  at  fequencies  and  u (often  termed  the  pump  and  Stokes  beams  respec¬ 
tively)  are  "mixed"  by  focussing  and  crossing  them  appropriately  and  interact 
through  the  third  order  nonlinear  susceptibility  of  the  medium  y  .  (-u^,m  » 

to  generate  a  polarization  field  which  produces  coherent  radiatioA^at  freqiency 
w  It  is  for  this  reason  that  CARS  is  often  referred  to  as  "three  wave 

mixing".  When  the  frequency  difference  (w^-u^)  is  close  to  the  frequency  of  a 
Raman  active  resonance,  a>v,  the  magnitude  of  the  radiation  at  then  at  the  anti- 
Stokes  frequency  relative  to  to  ,  i.e.  at  0)^+  can  become  very  large.  Large 
enough,  for  example,  that  withxtypical  pulsed  experimental  arrangements,  the  CARS 
signals  from  room  air  N2  or  O2  are  readily  visible.  By  third  order  is  meant  that 
the  polarization  exhibits  a  cubic  dependence  on  the  optical  electric  field  strength. 
In  isotropic  media  such  as  gases,  the  third  order  susceptibility  is  actually  the 
lowest  order  nonlinearity  exhibited.i. e.  due  to  symmetry  considerations,  second 
order  effects  are  nonexistent.  The  third  order  nonlinear  susceptibility  tensor  is 
of  fourth  rank.  The  subscripts  denote  the  polarization  orientation  of  the  four 
fields  in  the  order  listed  parenthetically.  In  isotropic  media,  the  tensor  must 
be  invariant  to  all  spatial  symmetry  transformations  and  the  81  tensor  elements 
reduce  to  just  three  independent  components,  y  ,  x  and  x  where  x  = 

X  +  X  +  X  -In  CARS,  which  is  generally  frequency  degenerate,  x„„ _  = 

xyyx  ,xyxy  xxyy  ,  6  J  M  J  0  Axyxy 

X  and  there  are  only  two  independent  elements, 
xxyy 


As  mentioned  in  the  Introduction,  the  susceptibility  consists  of  resonant 
components  from  Raman  transitions  in  the  species  of  interest  and  a  nonresonant, 
electronic  contribution  from  all  of  the  molecular  constituents  present.  For  very 
low  concentrations,  the  "signal",  i.e.  the  resonant  terms,  merges  into  essentially 
a  baseline  level  derived  from  the  nonresonant  background  susceptibility.  When  the 
modulation  of  this  background  becomes  undetectable,  the  trace  species  is  nominally 
no  longer  measurable.  At  one  time,  this  was  perceived  to  be  a  major  limitation  to 
CARS  diagnostics.  However,  the  resonant  and  nonresonant  terms  contribute  differ¬ 
ently  to  the  susceptibility  components.  By  proper  orientation  of  the  laser  field 
and  CARS-detection  polarizations,  the  nonresonant  electronic  contributions  can  be 


COHERENT  ANTI-STOKES  RAMAN 
SPECTROSCOPY  —  CARS 


mm m  111 


suppressed,  in  principle,  permitting  measurements  to  lower  concentration  providing 
the  signal  level  is  adequate  (Refs.  22,26-31,  and  this  report).  In  certain  concen¬ 
tration  ranges,  the  presence  of  the  nonresonant  susceptibility  can  actually  be  used 
to  great  advantage.  As  long  as  the  background  modulation  is  detectable,  concentra¬ 
tion  measurements  can  actually  be  made  from  the  shape  of  the  CARS  spectrum,  a  unique 
feature  of  CARS  spectroscopy.  For  highly  turbulent  and  sooting  media,  this  may  be 
the  only  way  in  which  density  measurements  can  be  accurately  performed  as  will  be 
discussed  later.  Polarization  rotation  may  prove  useful  in  such  instances  to 
introduce  modulation  or  control  the  background  level  to  extend  the  parameter  range 
over  which  concentrations  can  be  measured  from  spectral  shapes. 

Measurements  of  medium  properties  are  performed  from  the  shape  of  the  spectral 
signature  and/or  intensity  of  the  CARS  radiation.  The  CARS  spectrum  can  be  genera¬ 
ted  in  either  one  of  two  ways  as  seen  in  Fig.  1.  The  conventional  approach  is  to 
employ  a  narrowband  Stokes  source  which  is  scanned  to  generate  the  CARS  spectrum 
piecewise.  This  approach  provides  high  spectral  resolution  and  strong  signals  and 
eliminates  the  need  for  a  spectrometer.  However,  for  nonstationary  and  turbulent 
combustion  diagnostics,  it  is  not  appropriate  due  to  the  nonlinear  behavior  of  CARS 
on  temperature  and  density.  Generating  the  spectrum  piecewise  in  the  presence  of 
large  density  and  temperature  fluctuations  leads  to  distorted  signatures  weighted 
toward  the  high  density,  low  temperature  excursions  from  which  true  medium  averages 
cannot  be  obtained.  The  alternate  approach  (Ref.  33)  used  here  is  to  employ  a 
broadband  Stokes  source  as  depicted  in  Fig.  1.  This  leads  to  weaker  signals,  but 
generates  the  entire  CARS  spectrum  with  each  pulse  permitting,  in  principle, 
instantaneous  measurements  of  medium  properties.  Repeating  these  measurements  a 
statistically  significant  number  of  times  will  permit  determination  of  the  proba¬ 
bility  density  function  (pdf)  from  which  true  medium  averages  and  the  magnitude  of 
turbulent  fluctuations  can  be  ascertained. 

For  efficient  signal  generation,  the  incident  beams  must  be  so  aligned  that 
the  three  wave  mixing  process  is  properly  phased.  The  general  phase-matching 
diagram  for  three  wave  mixing  requires  that  2k^=k2+k^.  k^  is  the  wave  vector  at 
frequency  with  absolute  magnitude  equal  to  n^/c,  where  c  is  the  speed  of 
light,  and  n^,  the  refractive  index  at  frequency  Since  gases  are  virtually 

dispersionless,  i.e.,  the  refractive  index  is  nearly  invariant  with  frequency,  the 
photon  energy  conservation  condition  indicates  that  phase  matching 

occurs  when  the  input  laser  beams  are  aligned  parallel  or  collinear  to  each  other. 

In  many  diagnostic  circumstances,  collinear  phase  matching  leads  to  poor  and 
ambiguous  spatial  resolution  because  the  CARS  radiation  undergoes  an  integrative 
growth  process.  This  difficulty  is  circumvented  by  employing  crossed-beam  phase 
matching,  such  as  BOXCARS  (Ref.  34),  illustrated  in  Figs.  1  and  2a,  or  a  variation 
thereof  (Refs.  35-37).  In  these  approaches,  the  pump  beam  is  split  into  two 
components  which,  together  with  the  Stokes  beam,  are  crossed  at  a  point  to  generate 
the  CARS  signal.  CARS  generation  occurs  only  where  all  three  beams  intersect  and 
very  high  spatial  precision  is  possible.  Furthermore  the  incident  beams  need  not 
be  coplanar  (Refs.  30,  38,  39).  As  seen  in  Fig.  2b,  the  phase-matching  diagram 
can  be  folded, a  configuration  employed  in  the  investigations  reported  here. 

Although  CARS  has  no  threshold  per  se  and  can  be  generated  with  cw  laser 
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sources,  high  intensity  pulsed  laser  sources  are  required  for  most  gas  phase  and 
flame  diagnostics  to  generate  CARS  signals  well  in  excess  of  the  various  sources 
of  interference  and  with  good  photon  statistics,  particularly  with  broadband 
generation  and  detection  (Ref.  2).  Due  to  the  nonlinear  scaling  of  the  CARS  signal 
with  species  concentration  and  temperature,  CARS  measurements  from  minority  species 
in  atmospheric  pressure  flames  generally  cannot  be  made  with  simultaneous  high 
spatial  and  temporal  resolution.  This  fact  is  quite  evident  in  the  experiments 
described  herein. 

CARS  spectra  are  more  complicated  than  spontaneous  Raman  spectra  which  are 
an  incoherent  addition  of  a  multiplicity  of  transitions.  CARS  spectra  can  exhibit 
constructive  and  destructive  interference  effects.  Constructive  interferences 
occur  from  contributions  made  from  neighboring  resonances,  the  strength  of  the 
coupling  being  dependent  on  the  energy  separation  of  the  adjacent  resonances  and 
on  the  Raman  linewidth  which  together  determine  the  degree  of  overlap.  Destructive 
interferences  occur  when  resonant  transitions  interfere  with  each  other  or  with 
the  nonresonant  background  signal  contributions  of  electrons  and  remote  resonances. 
For  most  molecules  of  combustion  interest,  these  effects  can  be  readily  handled 
numerically  since  the  physics  describing  CARS  generation  is  fairly  well  understood. 
At  UTRC,  CARS  computer  codes  have  been  developed  and  validated  experimentally  for 
the  diatomic  molecules,  N2,  H^,  CO  and  O2  (Ref.  40)  and  one  triatomic  H2O  (Ref.  41). 
Computer  codes  are  extremely  useful  for  studying  the  parametric  behavior  of  CARS 
spectra  and,  when  validated,  for  actual  data  reduction. 


The  species  sensitivity  limitation  of  conventional  CARS,  i.e.  aligned  polariza¬ 
tions,  is  easily  demonstrated  by  noting  that  the  CARS  power  P3  scales  as  the  square 
of  the  modulus  of  the  nonlinear  susceptibility  |x^^|  •  The  square  of  the 

absolute  value  of  the  susceptibility  for  a  single  resonance  is 


lx(3)f  =  |X'  + 


IX 


nr 


X'2  +  2X ' X 


nr 


+  X 


nr* 


„2 


(1) 


where  x’>  x"  are  the  real  and  imaginary  parts  of  the  resonant  susceptibility  and 
Xnr  is  the  nonresonant  susceptibility,  x*  and  x"  have  a  functional  dependence 
on  the  detuning  frequency,  Awj  =  Wj- (w^-u^) ,  from  the  Raman  resonance  of  frequency 
w j *  siroilar  to  the  real  and  imaginary  parts  of  the  refractive  index  about  resonance. 
This  is  illustrated  in  Fig.  3.  x"  exhibits  line  shape  behavior  and  x'  dispersive 
or  derivative  behavior,  i.e.  x'  is  positive  or  negative  depending  on  the  sign  of 
‘  „^or  a  SIDall  nonresonant  background,  e.g.  a  species  in  high  concentration, 

X  ,  X  >  Xnr>  ar)d  |x I  is  equal  to  x'2  +  x"2  and  the  CARS  spectrum  exhibits  strong 
line  behavior  as  the  detuning  frequency  is  scanned  through  the  resonance.  For  a 
species  in  low  concentration,  i.e.  x',  x"  <  Xnr 


I  X | 2  %  xnr' 


+  2X' 


„nr 


(2) 


and  the  CARS  spectrum  exhibits  weak  line  behavior  as  seen  in  Fig.  3.  Far  from 
resonance,  the  CARS  signal  is  proportional  to  Near  resonance  the  spectrum 

displays  a  modulated  behavior  due  to  the  change  in  sign  of  x'  about  resonance.  For 
very  low  concentrations,  the  "signal"  disappears  into  essentially  a  baseline  level 
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derived  from  the  background  nonresonant  susceptibility.  When  the  modulation  of 
this  background  becomes  undetectable,  the  trace  species  concentration  is  no  longer 
measurable.  Detailed  computer  calculations  of  CO  at  various  concentrations  in  a 
flame  display  this  sensitivity  limitation  effect  vividly  as  seen  in  Fig.  4.  A 
complete  set  of  computer  calculations  over  a  matrix  of  temperature  and  CO  concentra¬ 
tion  is  displayed  in  Appendix  A.  The  rounded  nature  of  the  spectrum  reflects  the 
profile  assumed  for  the  Stokes  laser  at  Experimentally,  it  would  be  difficult 

to  detect  CO  at  concentrations  below  the  0.5%  level  in  a  flame.  Nevertheless,  where 
modulation  exists  the  concentration  can  be  measured  from  the  spectral  signature 
which  is  far  easier  than  performing  an  intensity  measurement  with  normalizing 
reference  cells.  Furthermore  in  turbulent  media,  the  latter  approach  may  not  be 
very  accurate  as  will  be  discussed  later  in  this  report. 

The  concentration  measured  from  the  shape  of  the  modulated  spectrum  is  only  as 
accurate  as  the  accuracy  to  which  the  nonresonant  background  susceptibility  is 
known  (Ref.  40).  The  nonresonant  susceptibility  has  been  measured  for  most  of  the 
gases  of  combustion  interest  and  varies  slightly  from  specie  to  specie  (Ref.  42  and 
Table  A-l  in  Appendix  A).  In  airfed  combustion  wheren  N2  dominates  the  composition, 
the  change  in  the  nonresonant  susceptibility  from  the  reactant  to  product  mixture 
is  generally  small.  In  CH^/air  combustion,  for  example,  the  susceptibility 
increases  by  about  14%  with  combustion  of  the  stoichiometric  mixture.  The  suscepti¬ 
bility  is  thus  only  slightly  sensitive  to  changes  in  composition  and  intelligent 
estimates  of  its  magnitude  are  most  likely  possible  based  upon  the  temperature  at 
the  measurement  point. 

To  overcome  the  loss  in  species  sensitivity  when  the  modulation  of  the  non¬ 
resonant  background  is  no  longer  discernible,  several  approaches  have  been  forwarded 
(Refs.  26-32,  43-45).  The  best  approach  at  this  time,  in  terms  of  simplicity,  is 
probably  polarization  orientation  which  is  described  in  the  next  section  and  forms 
the  basis  of  the  experimental  program  reported  herein. 
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CONCENTRATION  SENSITIVITY  OF  CO  CARS  SPECTRA 

T  =  1800°K,  Ar  background 


Frequency  —  cm 


POLARIZATION  ORIENTATION 


—  (^2^ 


is 


(3) 

The  third  order  nonlinear  susceptibility  tensor  x..  (-w^,  u^, 

fourth  rank  in  order.  The  subscripts  denote  the  polarization  directions  of  the 
four  fields  in  the  order  listed  in  the  parentheses.  In  isotropic  media,  the  tensor 
must  be  invariant  to  all  spatial  symmetry  transformations  and  the  81  tensor  elements 


reduce  to  three  independent  elements,  x 
+  x,  ,  ,, 

te  i.e. 


and 
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,  s  1221*  A 1 2 1 2  *  “““  X1 122  where  XH11  =  xi22 
A 1 2 1 2  '  a  *  .  „  •  The  superscript  (3)  has  been  dropped  for  simplicity.  For  normal 

CARS,  which  is  frequency  degenerate  i.e.  w  =  there  are  only  two  indepen¬ 
dent  elements  since  x101,  =  X  _  (Ref .  16  )  From  Ref.  46  it  is  possible  to  show 
(Ref.  29  )  that  1212  1122 
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where  a  represents  the  fast  responding  electronic  contribution  (i.e.  the  nonresonant 
contribution  to  the  susceptibility)  and  a  and  b  are  the  nuclear  response  functions. 
For  Raman  type  nonlinearities,  a  and  b  relate  respectively  to  the  isotropic  and 
anisotropic  parts  of  the  Raman  polarizability  derivative  tensor. 

By  considering  the  field  orientation  in  Fig.  5  for  BOXCARS,  it  will  be  shown 
.  that  by  suitably  selecting  the  angles  6,9  and  a,  the  nonresonant  electronic  terms 

i  need  not  be  viewed.  In  the  calculations,  it  is  assumed  that  the  Stokes  field  is 

horizontally  polarized  along  the  x  axis  and  that  the  pump  components  and  are 
inclined  to  the  Stokes  field  at  angles  9  and  6  respectively.  The  CARS  signal  is 
j  viewed  through  a  polarization  analyzer  oriented  at  angle  a  to  the  Stokes  field.  The 

fields  may  be  written  as 


iL  =  A(wi)e  ^^i2  +  complex  conjugate  (  I  ) 

where  A  (oj^)  is  the  field  amplitude  at  frequency  uk.  The  field  components  of  the 
incident  waves  along  the  y  and  x  axis  are: 
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The  third  order  CARS  polarization  is  given  by 

Pi  "  3  xijkl  V“l>  AkK}  A>2>  (6> 
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The  CARS  signal  field  strength  is  given  by 


A(u>3) 


2TTiai-U 

n^c 


(8) 


where  1  is  the  interaction 
and  c,  the  speed  of  light. 
CARS  field  is 


length;  n 
Viewed  t 


,  the  refractive  index  at  frequency  w  ; 
nrough  the  polarizer  at  angle  a  the  detected 
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Combining  Eqs.  (  3  ) ,  ( 7  )  and  <  9  )  one  has 
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cos  a  cos  0  cos  9  +  2  sin  a  cos  0  sincp+  2  sin  a  sin  0  cos  qj 

cos  a  cos  0  cos 9  +  2  cos  a  sin  0  sin 9+  sin  a  cos  0  sin9+  sin  a  sin  6  cos 

cos  a  cos  0  cos 9  +  cos  a  sin  0  sin  9+  sin  a  cos  0  sin  9+  sin  a  sin  0  cos  9) 


Since  CARS  is  frequency  degenerate,  one  will  note  that  the  above  equation  is 
unaltered  by  an  interchange  of  the  angles  0  and  9.  Clearly,  the  nonresonant 
contribution  will  not  be  detected  when  the  coefficient  of  o  in  brackets  is  nulled, 
i.e. 
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•w^mw*  lx  '  w  wj 1 


cos  a  (3  cos  0  coscp+  sin  0  sin  cp  )  +  sin  a  (cos  0  sincp  +  sin  0  cos  cp  )  =  0  .  (11) 

It  should  be  stressed  that  a,  0  and  cp  are  not  all  independent  variables.  The  proper 
polarization  analyzer  orientation,  a,  is  dependent  upon  the  experimenter's  selection 
of  0  and  cp.  Physically  the  CARS  analyzer  is  positioned  to  be  orthoganal  to  the  non¬ 
resonant  polarization  created  in  the  medium.  It  is  important  to  note  that,  in 
general,  a  nonresonant  contribution  is  generated.  By  properly  orienting  the  CARS 
polarizer,  it  is  simply  not  viewed.  Combining  Eqs.  (3)  and  (7)  and  retaining  only 
the  nonresonant  contributions,  the  nonresonant  polarization  components  are 
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cos  0  cos  cp+  sin  0  sincp 
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nr 
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cos  0  sin  cp+  sin  0  coscp 


(12) 


The  nonresonant  polarization  resides  inclined  at  an  angle  B  relative  to  the 
x  or  Stokes  field  axis  given  by 

6  H  <£  Pnr  =  tan  *  Py  =  tan  *  (cos  0  sincp-f  sin  0  cos  cp  j  (13) 

P  nr  |  3cos  0  cosCp+  sin  0  sintpj 

The  polarization  analyzer  angle  a  is  set  orthogonally  to  the  nonresonant  polarization 
so  the  purely  electronic  contributions  are  not  viewed 


a  =  0  +  90°  .  (14) 

Having  selected  0  and  cp ,  the  analyzer  orientation  for  zero  nonresonant  susceptibility 
contribution  is  thus  determined.  0  and cp are  selected  to  maximize  the  viewed  CARS 
signal  strength,  i.e.  the  a  coefficient  in  Eq.  (10).  Inserting  Eq.  (11)  into  the 
expression  for  the  coefficient  of  a,  and  ignoring  the  anisotropic  contribution,  one 
obtains 


_ 1  _  3^  a _  _  _  —  cos  a  cos  (0  -  cp)  .  (15) 

^  2rriqj2l jA(ai^) A(ai|) A*(ai2)  ^ 

The  CARS  intensity  scales  as  the  square  of  the  field  strength  and,  hence,  is 
proportional  to  the  square  of  the  right  hand  side  of  Eq.  (15).  With  the  nonresonant 
susceptibility  cancelled  out,  the  a^  coefficient  has  a  maximum  value  of  0.015625. 

With  aligned  polarizations,  ignoring  nonresonant  contributions,  the  a^  modulus  is 
0.25.  Thus  with  the  proper  polarization  orientations,  elimination  of  the  nonresonant 
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susceptibility  contribution  leads  to  at  least  a  factor  of  sixteen  reduction  in 
the  resonant  mode  CARS  signal.  The  analysis  also  shows  that  there  is  no  signal 
advantage  in  polarization  orientation  BOXCARS  with  three  beams  over  the  two  beam 
collinear  CARS  case  (Ref.  29). 

There  is  one  respect .however,  in  which  polarization  orientation  in  BOXCARS 
differs  from  the  usual  two  beam  collinear  situation.  In  the  latter  instance,  a 
nonresonant  signal  is  always  generated.  In  BOXCARS,  there  is  a  specific  angular 
orientation  in  which  no  signal  is  generated  from  the  nonresonant  background  at  all, 
i.e.  it  is  completely  cancelled.  Note  that  no  nonresonant  susceptibility  signal 
will  be  generated  if  the  terms  in  parentheses  in  Eq.  (11)  are  both  made  to  equal 
zero,  i.e. 


3  cos  0  cos  cp  +  sin  6  sin  cp  =  0 
cos  0  sin  cp  +  sin  0  cos  cp  =  0 


(16) 


This  occurs  when  cp  =  60°,  0  =  120°  or  vice  versa.  In  this  instance  no  signal 
is  generated  from  the  background  susceptibility  and  a  CARS  polarization  analyzer 
is  not  necessary.  To  reiterate,  there  is  no  gain  in  the  resonant  CARS  signal 
strength,  however. 


There  are  a  large  number  of  0,cp  angle  combinations  one  can  use  to  eliminate 
the  nonresonant  susceptibility  contribution  and  obtain  maximum  CARS  signal  strength. 
In  Table  I,  calculations  of  0,cp,  a  and  a^  modulus  are  presented  for  nonresonant 
susceptibility  cancellation.  These  calculations  are  summarized  in  Figs.  6  and  7  in 
a  topographical  format.  In  Fig.  6,  due  to  the  interchangability  of  0  and  9 ,  the 
contours  are  symmetric  about  a  45°  axis  as  seen.  As  is  apparent  there  is  a  large 
area  in  angle  space  in  which  the  nonresonant  susceptibility  can  be  eliminated  while 
maintaining  the  maximum  CARS  generation.  The  locus  0  =  V  represents  the  CARS 
signal  variation  with  polarization  cancellation  in  normal  two  beam  or  collinear 
CARS. 


/ 
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TABLE  I 


ORIENTATION  ANGLES  FOR  MAXIMUM  CARS  GENERATION 
WITH  NONRESONANT  SUSCEPTIBILITY  CANCELLATION 
<  (012)  =  0° 
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♦  (up 

01(0)3) 

_ai 

60 

0 

120 

.00391 

.25 

120 

0 

60 

.00391 

.25 

60 

5 

120 

.00514 

.33 

65 

10 

124.5 

.00659 

.36 

70 

15 

128.9 

.00811 

.52 

70 

20 

127.9 

.00973 

.62 

75 

25 

131.5 

.01135 

.73 

80 

30 

134.9 

.01286 

00 

ho 

80 

35 

132.4 

.01422 

.91 

85 

40 

134.3 

.01522 

.97 

90 

45 

135 

.01563 

1 

75 

50 

123.5 

.01561 

1 

65 

55 

120.5 

.01562 

1 

115 

55 
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.01551 

.99 

60 

60 

120 

.01563 

1 

120 

60 

no  analyzer  req'd 

.01563 

1 

55 

65 

120.5 

.01562 

1 

125 

65 

5 

.01551 

.99 

50 

70 
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.01560 

1 

130 

70 

10 

.01515 

.97 

50 

75 

123.  5 

.01561 

1 
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75 

29.7 

.01552 

.99 

45 

80 

127.6 

.01559 

1 

135 

80 

29.8 

.01550 

.99 

45 

85 

130.7 

.01562 

1 

135 

85 

38.9 

.01562 

1 

45 

90 

135 

.01563 

1 

135 

90 

45 

.01563 
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POLARIZATION 
ANGLES  FOR 


CONTOUR  PLOT  OF  BACKGROUND-FREE,  RESONANT 

CARS  SIGNAL  AMPLITUDE 

2$. <*>2  =  0°,  0^(0),  <0'i  «j»,  CARS  analyzer  4.  not  displayed 
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EXPERIMENTAL  FACILITY 


The  CARS  facility  employed  for  the  polarization  orientation  investigations 
is  schematically  illustrated  in  Fig.  8.  A  photograph  of  the  experimental  apparatus 
is  shown  in  Fig.  9.  Referring  to  Fig.  8,  a  Q-switched  neodymium :YAG  laser  (Quanta- 
Ray  DCR  1A)  is  frequency-doubled  to  produce  a  primary  beam  at  5320  8,  with  the 

following  characteristics:  'v-  200  mJ  pulse  energy,  10-®  sec  pulse  duration  and  10  pps 
repetition  rate.  The  residual  1.06p  from  the  first  frequency  doubler  is  separated 
from  the  primary  5320  8  and  doubled  to  produce  a  secondary  beam,  oj.^,  of  approxi¬ 
mately  20  mJ  energy.  This  beam  is  routed  as  shown  and  used  to  pump,  slightly  off- 
axis,  a  flowing  dye  cell  situated  in  a  planar  Fabry-Perot  oscillator  cavity.  The 
oscillator  output  is  amplified  in  a  dye  cell  in  flow  series  with  the  first, pumped 
by  a  fraction,  ^33%,  of  the  primary  beam.  The  Stokes  output  so  produced  is 
typically  160  cm-'*'  FWHH.  Since  no  dispersion  is  present  in  the  broadband  dye 
oscillator  cavity,  the  Stokes  frequency  is  appropriately  centered  by  proper  selection 
of  the  laser  dye  and  its  concentration.  To  obtain  good  laser  efficiency  at  ^  6500  A 
required  for  CO  CARS,  a  binary  dye  mixture  of  1  (10  M  Kiton  Red  620  3  (10-^)  M 
Rhodamine  640  (Ref.  47)  in  methanol  was  employed.  Although  the  dye  cells  are  oriented 
at  Brewster's  angle  and  nominally  produce  a  horizontally  polarized  beam,  a  Gian 
laser  polarizer  is  employed  to  ensure  a  high  degree  of  polarization  purity.  The 
Stokes  beam  is  magnified  in  a  Galilean  telescope  by  a  factor  of  three  to  ensure  that 
its  focal  spot  size  is  comparable  to  that  of  the  pump  components.  The  telescopes 
also  allow  the  beam  waist  location  to  be  placed  at  the  crossing  point.  The  remain¬ 
ing  primary  beam  is  also  filtered  by  a  Gian  laser  polarizer,  passes  through  a 
telescope,  where  it  is  reduced  slightly,  and  then  to  a  beamsplitter/mirror  combina¬ 
tion  to  produce  the  two  oumD  components  required  for  BOXCARS.  As  mentioned  earlier, 
folded,  i.e.  nonplanar,  BOXCARS  is  employed  to  eliminate  the  need  for  beam  combining 
and  separating  dichroics  or  prisms  which  can  produce  elliptically  polarized  beams  or 
which  possess  considerably  different  response  to  s  and  p  polarization  components. 

The  two  pump  components,  and  pass  through  low-order  half  wave  plates  which 
permit  the  plane  of  polarization  to  be  oriented  as  desired,  i.e.  0  and  if  adjustment. 
The  pump  components  are  reflected  from  semicircular  mirror  segments  whose  straight 
edges  are  oriented  at  45°  to  the  horizontal  plane.  Viewed  head  on  from  the  fo¬ 
cussing  lens,  FL,  the  mirrors  form  a  "VEE"  through  which  the  Stokes  laser  beam  passes. 
The  beams  were  aligned  on  a  1.3  cm  diameter  circle  and  focussed  with  a  30.5  cm  focal 
length  lens  corresponding  to  a  crossing  half  angle  of  approximately  1.2°.  A  ro¬ 
tatable  optical  flat,R0F  was  placed  in  the  Stokes  beam.  Rotation  about  a  horizontal 
axis  laterally  displaced  the  Stokes  beam  on  the  focussing  lens  permitting  the  opti¬ 
mal  phase  matching  angle  to  be  ascertained.  The  longitudinal  spatial  resolution, 
measured  by  generating  CARS  in  a  translatable  microscope  slide  cover,  was  approxi¬ 
mately  0.9  cm.  The  laser  and  newly-generated  CARS  beams  were  recollimated  by  a 
lens,  RL.  The  laser  beams  were  blocked  by  a  trap  and  the  CARS  beam  passed  through 
a  Glan-Thompson  polarizer  placed  directly  after  the  trap.  The  CARS  beam  passed 
through  a  cutoff  filter  to  reject  any  stray  laser  light  and  was  focussed  into  a 
homemade,  0.5m  Czerny-Tumer  spectrograph  fitted  with  an  optical  multichannel 
analyzer  (OMA  I,  PAR  Inc).  The  spectrograph  was  equipped  with  a  flat  2400  groove/mm 
holographic  grating.  The  spectrograph  was  in  essence  an  over-and-under  Czerny  Turner 
configuration  turned  90°,  i.e.  the  slit  was  horizontally  disposed  and  the  grating 


axis  was  horizontal.  The  dispersion  was  approximately  0.48  cm~'*'/25ti  channel 
element.  With  a  50p  slit,  the  resultant  spectral  resolution,  degraded  by  cross¬ 
talk  on  the  multichannel  detector  vidicon,  was  slightly  better  than  2  cm“l.  A 
microscope  slide  beamsplitter  intercepted  a  fraction  of  the  CARS  signal  which  was 
monitored  by  a  photomultiplier  tube  equipped  with  a  cuttoff  and  narrowband  inter¬ 
ference  filter.  This  detector  has  a  large  angular  acceptance  and  its  output, 
averaged  on  a  boxcar  averager  (PAR  162/164),  permitted  the  optical  alignment  of 
the  CARS  system  to  be  adjusted  for  maximum  signal  generation. 

To  produce  varying  concentrations  of  CO  at  varying  temperatures  to  investi¬ 
gate  the  detectivity  limits  with  and  without  the  nonresonant  background,  a  flat 
CO-air  diffusion  flame  sustained  on  a  Wolfhard-Parker  burner  (Ref.  48)  was  employed. 
CO  and  air  issue  from  parallel  rectangular  slots,  diffuse  together  and  react.  The 
slots  had  a  length  of  44.5  mm  and  widths  of  1.2  mm  for  CO  and  2.7  ram  for  the  air; 
the  stainless  steel  splitter  plate  separating  the  two  slots  was  0.9  mm  thick.  The 
flowrates  employed  were  12  liters/min  for  air  and  2.8  liters/min  for  CO.  The 
resultant  cold  flow  velocities  were  approximately  167  cm/sec  for  the  air  and  88 
cm/sec  for  the  CO.  At  these  flow  velocities,  the  vee-shaped  flame  sheet,  as  per¬ 
ceived  by  the  blue  luminosity,  was  centered  about  a  vertical  plane  over  the  splitter 
plate.  To  promote  flame  stability,  a  shield  gas  flow  is  employed  and  confined 
inside  a  chimney  as  seen  in  Fig.  9.  Either  Ar  or  N2  were  employed  as  the  shield 
gases.  In  Fig.  10  a  photograph  of  the  flame  viewed  normal  to  the  reaction  zone 
plane  is  displayed.  The  CARS  measurement  location  was  located  at  a  fixed  point  in 
space  and  the  burner  was  translated  permitting  various  parts  of  the  flame  zone  to 
be  probed.  CO  decay  can  be  followed  at  low  temperatures  as  the  CO  diffuses  into 
the  cold  shield  gas  on  one  side  or  at  high  temperature  as  the  CO  diffuses  into  the 
air  and  reacts.  Also  seen  in  Fig.  10  was  a  quartz  microprobe  used  to  sample  CO 
at  various  locations  in  the  flame.  A  Beckman  Model  864  CO  Infrared  Analyzer  was 
employed  to  measure  the  CO  content  in  the  sampling  stream.  As  will  be  seen  later, 
the  probe  perturbed  the  delicate,  flat  diffusion  flame  and  could  not  be  used. 
Consequently,  the  CARS  measurements  were  calibrated  relative  to  the  probe  in  the 
post-flame  region  of  a  7.5  cm  dia.  premixed,  flat  flame  burner  constructed  from  an 
array  of  0.3  cm  dia.  stainless  steel  hypo  tubes. 
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EXPERIMENTAL  PROGRAM 
Nonresonant  Susceptibility  Suppression 


Demonstrations  of  nonresonant  susceptibility  suppression  were  performed  in 
the  cool  region  of  the  flat  diffusion  flame  where  CO  was  diffusing  into  the 
diluent  shield  gas.  Background-free  CARS  spectra  at  elevated  temperatures  will 
be  displayed  subsequently  in  the  section  describing  detectivity  comparisons.  The 
half-wave  plates  in  each  of  the  pump  component  beams  (Fig.  8)  were  mounted  in 
rotation  stages,  whose  settings  for  a  given  polarization  orientation  were  tabulated. 
The  Gian  Thompson  CARS  polarization  analyzer  was  also  mounted  in  a  rotation  stage 
and  the  appropriate  angles  measured  and  recorded.  Examples  of  nonresonant  suscepti¬ 
bility  suppression  in  broadband  CARS  are  displayed  in  Figs. 11-13.  The  spectra  shown 
have  been  averaged  for  30  seconds  or  approximately  300  pulses.  The  ordinate  axis 
displays  the  average  number  of  optical  multichannel  detector  counts  per  pulse. 

There  are  approximately  12  photons  per  count.  In  each  case,  the  CARS  spectrum  with 
aligned  polarizations  is  shown  for  comparison  purposes  and  has  the  classical  modula¬ 
ted  character  described  earlier  in  the  report  and  shown  in  Appendix  A.  In  Fig.  11, 
background  suppression  is  displayed  with  Argon  as  the  diluent  for  a  commonly  used 
angle  combination  of  0  *  $  =  60°,  a  =  120°  (Refs.  22,  29).  The  CO  concentration 
was  approximately  1.2%  as  determined  from  the  modulated  spectral  shape.  With  the 
nonresonant  susceptibility  suppressed,  the  CARS  spectrum  is  simply  the  cold,  Q- 
branch  band  of  CO.  From  the  FVHH  of  the  spectrum,  the  temperature  can  be  determined 
and  is  just  below  400°K.  The  width  of  the  baseline  with  background  cancellation 
arises  from  the  quantum  statistics  of  the  dark  current  subtraction  procedure  with 
the  OMA  I.  In  30  seconds,  there  are  approximately  25  (10-*)  dark  current  counts 
which  would  have  a  statistical  variation  of  [25  (10-*)]  ^  or  -  158.  Subtracting  dark 
current  sampled  with  the  Stokes  beam  blocked  to  preclude  CARS  generation,  from  the 
CARS  signal  plus  dark  current,  leads  to  a  statistical  spread  in  the  baseline  of 
*  316  counts  over  30  seconds  (300  laser  pulses)  or  approximately  *  1  count/pulse. 

With  the  uncertainty  in  the  baseline,  the  background  reduction  is,  conservatively, 
at  least  a  factor  of  250.  Also  quite  apparent  is  the  reduction  in  CARS  signal 
strength  attendent  with  elimination  of  the  nonresonant  susceptibility.  The  actual 
reduction  encountered  is  a  function  of  the  specific  experimental  setup  employed 
here  and  incorporates  the  polarization  sensitivity  of  the  individual  components  in 
the  optical  train.  Here  most  of  the  sensitivity  resided  in  the  holographic  grating 
in  the  spectrograph  which  was  nearly  four  times  more  efficient  with  s  (vertical) 
polarization  than  with  p  (horizontal) .  Hence  the  actual  signal  reduction  is  greater 
than  the  factor  of  20  seen  and  is  more  like  80.  This  follows  since  the  resonant 
mode  signal  loss  with  nonresonant  susceptibility  suppression  is  a  factor  of  sixteen. 
In  addition,  there  is  the  signal  loss  associated  with  the  nonresonant  susceptibility 
contribution  itself. 

In  Fig.  12,  nonresonant  susceptibility  suppression  is  shown  with  N£  as  the 
diluent  shield  gas  and  with  the  angles  0  =  45°,  4>  =  90°  and  a  =  135°.  The  situation 
is  very  similar  to  that  of  Fig.  11,  but  two  items  are  worth  noting.  Because  of  the 
proximity  of  the  CO  vibrational  Raman  mode  at  2143  cm~l  to  that  of  N£  at  2331  cm  , 
the  off-resonant  susceptibility  from  N2  contributes  significantly  to  the  nonresonant 
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NONRESONANT  SUSCEPTIBILITY  CANCELLATION 

WITH  NO  CARS  ANALYZER 

Folded  BOXCARS  in  a  flat  CO-air-Ar  diffusion  flame 
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susceptibility,  i.e.  by  about  20%,  and  skews  the  modulated  spectrum  as  seen.  The 
off-resonant  susceptibility  of  N2  is  the  value  of  the  resonant  susceptibility  far 
off  resonance.  Also  apparent,  adjacent  to  the  Q-branch  bandhead  of  CO,  are  several 
0  branch  transitions  in  Nj  in  the  vicinity  of  the  CO  resonance.  A  similar  observa¬ 
tion  was  made  in  Ref.  29. 

In  Fig.  13  nonresonant  susceptibility  cancellation  (or  near  cancellation)  is 
demonstrated  for  0  =  60°  and  <J>  =  120°.  In  this  orientation,  no  signal,  in  principle, 
is  generated  from  the  nonresonant  susceptibility  at  all  and  a  CARS  polarization 
analyzer  is  not  required.  Recall  that  this  is  a  situation  unique  to  three  beam 
CARS  schemes.  The  Fig.  13  data  were  taken  with  the  polarization  analyzer  removed. 

As  can  be  seen,  the  degree  of  nonresonant  susceptibility  reduction  is  not  as  good 
as  in  the  previous  two  instances.  Since  there  is  no  signal  advantage  to  be  gained 
from  this  approach,  all  further  studies  were  conducted  with  a  polarization  analyzer 
and  the  angles  0  =  <J>  =  60°. 


Flat  Flame  Probe  Perturbation 

In  an  effort  to  ascertain  the  detectivity  limits  of  CARS  with  and  without 
the  background  present,  quartz  microprobe  surveys  of  CO  concentration  through  the 
flat  diffusion  flame  were  made.  The  microprobe  was  not  cooled  and  was  0.63  cm  in 
O.D..  The  probe  was  tapered  at  the  end  and  contained  a  400p  dia.  orifice.  CARS 
surveys  of  CO  concentration  with  and  without  the  nonresonant  susceptibility  present 
were  also  performed.  In  comparing  the  various  sets  of  data,  the  probe  surveys  were 
clearly  questionable.  For  example,  if  taken  literally,  the  probe  results  suggested 
comparable  detectivity  limits  for  CARS  at  flame  temperatures  as  around  room  tempera¬ 
ture.  For  a  constant  pressure  flame,  this  clearly  cannot  be  the  situation  since 
the  density  changes  accompanying  combustion  result  in  greatly  reduced  CARS  signal 
levels.  This  fact  is  illustrated  in  Fig.  14  where  the  results  of  CARS  computer  code 
calculations  are  summarized.  Plotted  on  the  ordinate  is  the  square  of  the  modulus 
of  the  susceptibility  appropriately  convoluted  (Ref.  40)  over  the  finite  bandwidths 
of  the  pump  (0.8  cm--'-)  and  Stokes  lasers  (150  cra-^) .  CARS  signal  powers  can  be 
found  by  multiplying  the  ordinate  value  at  the  approproate  temperature  by  the  factor 
in  brackets.  The  signal  levels  at  other  concentrations  can  be  approximated  by 
scaling  the  signal  with  the  square  of  the  fractional  concentration.  The  signal 
level  calculation  should  also  reflect  system  collection  efficiencies  and  the  fact 
that  experimental  signal  levels  are  typically  lower  than  calculated  by  as  much  as 
an  order  of  magnitude  (Refs.  3,4,  24).  Plotted  is  both  the  peak  intensity  and 
integrated  bandstrength  of  nonresonant-background-free  CO  CARS  spectra  as  a  function 
of  temperature.  For  recording  by  an  optical  multichannel  detector  where  the 
spectrum  is  dispersed,  the  scaling  of  the  peak  intensity  with  temperature  is  most 
relevant.  As  seen  the  peak  intensity  decreases  by  a  factor  of  400  in  going  from 
300°K  to  1800°K  at  constant  pressure.  Background-free  CARS  sensitivities  are 
limited  by  photon  level  considerations;  thus,  flame  and  cold  gas  detectivities 
should  differ  considerably.  Since  the  CARS  power  scales  roughly  as  the  second  power 
of  the  concentration,  cold  side  detectivities  should  be  approximately  twenty  times 
better  than  those  at  flame  temperatures.  In  lieu  of  the  anomolous  behavior  suggested 
by  the  sampling  probe,  the  probe  measurements  were  certainly  suspicious. 
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In  order  to  ascertain  whether  the  probe  was  indeed  perturbing  the  flame,  CARS 
measurements  were  made  at  a  fixed  point  in  the  flame  with  the  probe  positioned  at 
various  locations  through  the  flame  zone.  The  experiment  is  illustrated  and  results 
of  it  are  summarized  in  Fig.  15.  As  can  be  seen,  depending  on  the  position  of  the 
probe,  the  CARS  spectral  shape  with  aligned  polarization,  and  thus  the  fractional 
CO  concentration,  changes  markedly.  Depending  on  the  probe  position,  the  concentra¬ 
tions  measured  by  CARS  vary  between  approximately  1  and  6  percent.  It  may  not  be 
surprising  that  the  flame  will  be  perturbed  when  the  probe  is  near  the  reaction 
zone.  Somewhat  suprising  is  the  effect  of  the  probe  even  when  out  in  the  diluent 
shield  gas  zone.  Thus  probes  with  bent  or  hooked  tips  may  even  be  questionable  for 
use  in  such  flames. 

Calibration 

Detectivity  limits  of  CARS  with  and  without  the  nonresonant  susceptibility 
suppressed  were  compared  using  concentrations  determined  from  the  shape  of  CARS 
spectra  with  the  background  present,  i.e.  with  aligned  polarizations.  These  com¬ 
parisons  are  presented  in  the  next  section.  To  verify  the  accuracy  of  the  spectral 
shape  approach,  concentration  measurements  were  performed  over  a  7.6  dia.  flat  flame 
burner  and  compared  with  the  quartz  microprobe  reading.  In  this  situation  the 
microprobe  should  be  relatively  nonperturbing.  Measurements  were  made  at  300°K 
with  the  flame  off  and  near  2100°K  with  the  flame.  To  avoid  the  complication  of  the 
off-resonant  susceptibility  contribution  of  N2,  the  detectivity  limit  examinations 
in  the  flat  diffusion  flame  and,  hence,  the  calibrations  were  performed  with  Argon 
diluent.  The  cold  calibration  was  performed  in  a  mixture  of  CO  and  Ar  flowed  through 
the  flat  flame  burner.  The  CO  concentration  was  sampled  and  measured  with  the 
Beckman  Infrared  Analyzer.  In  Fig.  16,  is  shown  the  comparison  of  the  experimen¬ 
tally  obtained  CARS  spectrum  and  the  predicted  CARS  spectrum  (as  the  overlay)  for 
a  2.1%  mixture  of  CO  in  Ar  as  measured  with  the  probe  sampling  system.  In  obtaining 
the  excellent  fit  in  Fig.  16,  the  Stokes  dye  laser  spectrum  was  not  exactly  centered 
on  the  Q-branch  bandhead  of  CO  and  this  was  taken  into  account.  The  dye  spectrum 
was  centered  at  16639  cm-'*’  and  not  16654  cm-'*-  corresponding  to  the  2143  cm  ^  CO 
Q-branch  bandhead  shift.  The  computer  calculations  shown  in  Appendix  A  were  for  the 
Stokes  laser  centered  at  16667  cm  midway  between  the  v  =  0  -*■  1  and  v  =  1  -*■  2  band- 
heads.  From  the  computer  calculations  in  Appendix  A  which  display  the  concentra¬ 
tion  variation  of  the  CARS  spectral  shape,  together  with  the  excellent  agreement 
displayed  in  Fig.  16,  it  is  clear  that  accurate  concentration  measurements  can  be 
made  from  CARS  spectral  shapes.  Measurements  probably  can  be  made  to  within  ^  10% 
accuracy. 

The  high  temperature  calibration  was  performed  in  the  post  flame  region  of 
the  aformentioned  burner  with  an  initial  gas  mixture  of  Ar,  CO,  CH^  and  ©2*  Figure  17 
displays  the  experimental  CARS  signature  and  the  theoretical  CARS  overlay  at  a  CO 
concentration  of  3.6%  measured  with  the  quartz  microprobe  sampling  system.  Because 
of  the  high  temperature,  the  measurement  signal/noise  is  lower  than  in  Fig.  16.  The 
CARS  spectrum  was  averaged  over  approximately  500  laser  pulses,  or  50  seconds. 

As  in  earlier  examples,  the  noise  arises  from  the  quantum  statistical  uncertainty 
in  the  subtraction  of  the  OMA  tube  dark  current.  Nevertheless  the  agreement  between 
the  CARS  and  probe  measurements  is  again  quite  good. 
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Detectivity  Limit  Comparisons 


CO  spectra  were  recorded  with  and  without  the  nonresonant  susceptibility 
suppressed  to  examine  the  relative  detectivity  limits  of  the  two  approaches. 

The  examinations  were  conducted  in  both  the  high  and  low  temperature  regions  of 
the  flat  diffusion  flame.  On  the  cold  side,  the  CO  level  decays  as  the  CO  diffuses 
into  the  diluent  shield  gas.  On  the  hot  or  flame  side,  the  CO  and  air  diffuse 
together  and  react  leading  to  the  loss  of  CO.  Due  to  the  sensitive  nature  of  the 
flat  flame,  measurements  with  and  without  background  were  made  sequentially  at  each 
location  in  the  flame  to  assure  a  valid  comparison  before  moving  on  to  a  new 
location.  This  precaution  may  not  have  been  absolutely  necessary;  data  taken  over 
a  several  week  period  of  time  were  fairly  consistent  and  reproducible.  All  of  the 
results  to  be  presented  here  were  taken  with  Argon  as  the  diluent  shield  gas  and 
with  the  angles  6  =  <J>  =  60°,  a  =  120°  when  the  background  was  suppressed. 

In  Fig.  18  the  cold  side  detectivity  comparisons  are  displayed.  With  the 
nonresonant  susceptibility  suppressed,  the  detectivity  limit  is  imposed  by  signal 
photon  level  considerations.  In  the  case  here,  detectivity  is  not  quantum  limited 
but  is  degraded  slightly  by  the  optical  multichannel  detector  dark  current.  The 
detectivity  limit  with  background  suppressed  is  approximately  0.5%  as  seen  which 
is  ascertained  from  the  spectrum  with  aligned  polarizations ,  i.  e.  with  the  non¬ 
resonant  susceptibility  present.  With  the  nonresonant  susceptibility  present,  the 
detectivity  is  ultimately  limited  by  the  loss  of  modulation  in  the  nonresonant 
background  CARS  spectrum.  Although  not  shown  in  Fig.  18,  modulations  down  to  10%, 
i.e.  a  10%  dip  in  the  nonresonant  background  level,  were  easily  recorded  corre¬ 
sponding  to  a  concentration  level  of  0.2%.  It  is  estimated  that  modulations  of 
five  percent  could  also  be  seen  for  a  cold  side  detectivity  limit  of  0.1%,  approxi¬ 
mately  five  times  better  than  with  the  nonresonant  susceptibility  suppressed. 

In  Fig.  19  detectivity  comparisons  in  the  flame  are  presented  with  and  without 
the  background  present.  In  both  cases  now,  the  detectivity  becomes  limited  at  the 
photon  count  level  comparable  to  the  statistical  uncertainty  in  the  dark  current 
subtraction.  With  the  background  suppressed,  the  detection  limit  was  approxi¬ 
mately  10%  at  a  temperature  of  approximately  2000°K.  It  should  also  be  noted  that 
the  experimentally  obtained  count  levels  are  within  an  order  of  magnitude  of  those 
that  would  be  expected  on  the  basis  of  the  Fig.  14  calculations  and  the  experimental 
parameters  employed.  With  the  nonresonant  susceptibility  present,  the  detectivity 
was  again  better  as  indicated  in  Fig.  20  where  the  CO  concentration  could  be 
tracked  farther  into  the  reaction  zone.  The  S/N  limited  the  CARS  sensitivity  with 
aligned  polarizations  to  about  the  1-2  percent  level.  In  actuality,  the  detectivity 
would  be  somewhat  better  considering  the  four  to  one  s/p  polarization  efficiency 
exhibited  by  the  holographic  grating  in  the  Czerny-Turner  spectrograph.  These 
detectivity  levels  with  the  nonresonant  background  present  are  comparable  to  the 
sensitivity  limits  calculated  in  Ref.  49  for  background-free  CARS  and  a  narrowband 
Stokes  laser.  There  a  2%  CARS  sensitivity  limit  for  CO  was  calculated  for  an 
atmospheric  pressure,  2000°K  flame.  A  one  second  measurement  time,  corresponding 
to  an  average  over  ten  pulses,  was  assumed,  but  measurements  were  restricted  to  a 
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single  Q-branch  transition.  Temperature  measurements  would  need  to  be  made  sepa¬ 
rately  in  order  to  reduce  the  intensity  data  to  obtain  concentration  levels.  Here, 
in  the  broadband  case,  although  longer  measurement  times  were  employed,  the  entire 
spectrum  is  recorded  and  temperature  can  be  obtained  from  the  same  spectrum.  Fur¬ 
thermore,  since  concentration  is  derived  from  the  spectral  shape,  reference  cells 
are  not  required  as  would  be  in  the  background  free  case. 


j 

i  . 


41 


FMCJ5XU©  PM3S  aUMUMOT  91LMEB 


DISCUSSION  AND  CONCLUSIONS 


With  the  nonresonant  susceptibility  suppressed  or  cancelled,  density/concentra¬ 
tion  measurements  are  based  upon  the  intensity  of  the  spectrally-integrated  CARS 
signature  (Ref.  50).  This  necessitates  the  use  of  a  reference  cell  to  normalize 
for  pulse-to-pulse  laser  power  fluctuations,  to  serve  as  a  calibrating  standard, 
and  to  account  for  small  optical  misalignments.  The  latter  can  be  accomplished 
only  if  the  CARS  signals  from  the  test  region  and  reference  cell  respond  to  opti¬ 
cal  misalignment  in  exactly  the  same  manner,  which,  experimentally,  requires  some 
care  to  achieve.  Even  with  a  normalizing  reference  cell  and  a  single  mode  pump 
laser,  normalized  CARS  signals  are  subject  to  fluctuations  on  the  order  of  5-7% 
even  from  a  quiescent  gas  (Ref.  51).  In  practical  combustion  systems,  serious 
problems  confront  CARS  density  measurements  made  from  spectrally-integrated  inten¬ 
sity  levels.  Beam  attenuation  from  soot  and/or  fuel  droplets  together  with  turbu¬ 
lence-induced  steering  and  defocussing,  which  degrade  the  efficiency  of  CARS  genera¬ 
tion,  must  be  accounted  for  in  some  manner.  One  approach,  although  not  exact, 
would  be  to  employ  reference  cells  both  before  and  after  the  test  region,  clearly 
at  the  expense  of  experimental  complexity.  Even  in  this  case,  it  is  probably  not 
possible  to  distinguish  between  a  signal  decrease  due  to  a  parameter  fluctuation 
from  that  due  to  attenuation,  or  that  due  to  refractive  index  nonuniformities 
leading  to  an  ambiguity  in  how  to  "correct"  the  raw  data.  Signal  reductions  due 
to  attenuation  are  potentially  correctable  if  beam  transmission  is  monitored  in 
some  manner  and  accounted  for.  In  the  case  of  turbulence-induced  signal  decreases, 
i.e.  due  to  beam  steering  and  defocussing,  a  post-measurement-volume  reference 
cell  would  indicate  that  the  CARS  generation  process  was  perturbed.  It  would  be 
difficult,  however,  to  account  and  correct  for  such  effects  in  a  rigorous,  quanti¬ 
tative  manner. 

In  light  of  the  above,  together  with  the  higher  CARS  detection  sensitivity 
with  aligned  polarizations,  it  seems  extremely  attractive  therefore,  to  perform 
concentration  measurements  from  spectral  shapes  whenever  possible  and  to  explore 
means  which  extend  the  range  over  which  such  an  approach  is  applicable.  When 
using  spectral  shapes  to  perform  measurements,  extinction  effects  due  to  soot  and/ 
or  droplets  and  refractive  effects  are  unimportant  as  long  as  the  signal  is  ac¬ 
quirable  with  good  photon  statistics.  In  essence  one  employs  the  background  non¬ 
resonant  susceptibility  as  an  in-situ  calibrating  standard.  As  mentioned  earlier, 
for  air-fed  combustion  processes,  the  susceptibility  undergoes  relatively  minor 
variations  in  the  composition  change  accompanying  the  transition  from  reactants  to 
products.  For  example,  in  methane-air  combustion,  the  density-normalized  non¬ 
resonant  susceptibility  increases  by  about  14%  between  the  reactants  and  products. 
Based  upon  the  measured  temperature  and/or  location  in  the  combustor,  intelligent 
estimates  can  be  made  of  the  nonresonant  susceptibility  value  best  employed  to 
minimize  the  measurement  uncertainty.  It  is  speculated  here  that  this  is  a  more 
attractive  approach,  in  terms  of  both  simplicity  and  ultimate  accuracy,  for  con¬ 
centration  determinations  than  the  use  of  spectrally-integrated  intensity  measure¬ 
ments  employing  reference  cells.  Aside  from  practical  combustor  measurements, 
it  may  be  possible  to  configure  fundamental  turbulent  combustion  experiments  to 
minimize  the  reactant  to  product  variation  in  the  background  susceptibility.  This 
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can  be  achieved  by  using  excess  as  diluent  or  substituting  a  diluent  with  a 
higher  background  susceptibility  than  N2,  e.g.  CC^.  This  is  analogous  to  the 
composition  tailoring  used  in  Rayleigh  scattering  diagnostics  to  achieve  a  nearly 
composition  independent,  total  Rayleigh  cross  section  (Ref.  52). 


For  most  molecules  of  combustion  interest,  with  the  exception  of  ^ ,  the 
nominal  range  for  concentration  measurements  from  spectral  shapes,  exploiting  the 
interference  with  the  nonresonant  susceptibility,  is  between  0.1%  to  10-20%  for 
aligned  polarizations.  Polarization  orientation  may  be  employed  to  extend  this 
range.  At  the  lower  end,  the  polarizations  of  the  incident  waves  may  be  oriented 
to  reduce  the  background  level  not  totally, but  in  steps,  e.g.  by  factors  of  two, 
four  etc.  Furthermore,  this  can  be  achieved  without  incurring  as  large  a  resonant 
mode  signal  penalty  as  encountered  with  complete  cancellation.  To  extend  the  upper 
range,  polarization  orientation  can  be  used  to  reduce  the  resonant  contribution 
relative  to  the  nonresonant  background  to  create  or  enhance  the  interference.  In 
the  upper  ranges  the  interference  exists,  but  is  generally  not  large  and,  hence 
is  not  detected  when  examining  the  squared  modulus  of  the  susceptibility  with 
optical  multichannel  detectors  of  limited  dynamic  range. 


A  better  idea,  perhaps,  for  measurements  at  high  concentrations  has  been 
proposed  by  Ultee  (Ref.  53).  For  background-f ree  CARS  spectra,  i.e.  high  species 
concentrations  or  low  concentrations  with  the  nonresonant  susceptibility  suppressed 
the  nonresonant  susceptibility  at  the  measurement  location  is  employed  as  an  in- 
situ  reference  in  a  slightly  different  manner.  In  addition  to  the  normal  broad¬ 
band  Stokes  wave  centered  on  or  near  the  species  resonance  of  interest,  a  second, 
but  narrowband,  Stokes  beam  would  be  employed  as  illustrated  in  Fig.  21.  This 
would  be  tuned  considerably  off  the  high  frequency  side  of  the  resonant  bandhead 
to  generate  a  reference  signal  level  from  the  background  susceptibility.  Both 
Stokes  beams  could  be  generated  from  the  same  dye  laser  using  an  intra-cavity 
polarization  splitter  (Ref.  54).  The  nonresonant  CARS  reference  and  resonant  CARS 
signal  beams  would  be  recorded  simultaneously  within  the  spectral  field  of  the 
optical  multichannel  detector.  Temperature  would  be  ascertained  from  the  shape 
of  the  resonant  CARS  signature  as  usual.  The  total  gas  density  would  follow 
from  the  gas  law  knowing  the  pressure  which  would  thus  calibrate  the  nonresonant 
CARS  reference.  The  concentration  of  the  resonant  species  would  be  determined 
by  comparison  with  the  strength  of  the  nonresonant  reference.  Such  a  measurement 
approach  would  be  immune  to  medium  extinction  and  refraction  effects  since  all 
beams  would  be  similarly  affected. 
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APPENDIX  A 


CONCENTRATION  SENSITIVITY  OF  CARS  SPECTRA 
WITH  NONRESONANT  BACKGROUND  SUSCEPTIBILITY 


The  ability  to  perform  CARS  concentration  measurements  without  nonresonant 
background  suppression  depends  critically  on  the  value  of  the  background  suscepti¬ 
bility  employed  in  the  computer  simulations  (Ref.  A-l) .  At  low  CO  concentrations, 
the  inferred  CO  number  density  will  be  directly  proportional  to  the  value  of  the 
background  susceptibility  used  in  the  computer  fitting.  This  procedure  is  capable 
of  high  accuracy  if  the  nonlinear  background  is  known. 

Rado  (Ref.  A-2)  has  reported  values  of  xnr  for  many  gases  of  interest. 
DeMartini,  et.al.  (Ref.  A-3)  have  confirmed  the  Rado  measurements  for  N2  and  C^, 
although  they  did  obtain  a  value  of  xnr  for  He  about  a  factor  of  four  larger  than 
Rado's  value.  The  latter  discrepancy  may  be  due  to  the  smallness  of  the  He  suscepti¬ 
bility.  It  must  be  noted  however,  that  the  Rado  and  DeMartini  experiments  did  r.ot 
measure  absolute  values  for  the  susceptibilities,  but  rather  values  normalized  to  an 
assumed  number  of  for  the  Q(l)  line  of  H0  on  resonance.  This  assumed  value  is 

_  1  o  O  Z 

2.1  x  10  cm  /erg,  obtained  from  electric  field- induced  absorption  measurements. 

For  reasons  that  cannot  be  deduced  from  the  sources  cited,  however,  this  ^  suscepti¬ 
bility  value  is  not  consistent  with  the  way  in  which  the  resonant  vibrational-rota¬ 
tional  contribution  to  x^  is  normally  calculated  (Ref.  A-l).  If  a  theoretical  x^ 
for  H„  Q(l)  is  calculated  using  the  formulation  found  in  Ref.  A-l,  the  result  is 
a  number  that  is  two  to  three  times  the  Rado  value,  even  after  the  Rado  number  has 
been  multiplied  by  a  factor  of  three  to  standardize  the  definition  of  x^«  The 
range  of  two  to  three  reflects  the  variation  in  the  reported  values  of  the  Q ( 1) 
spontaneous  Raman  cross  section  (Ref.  A-4)  and  the  homogeneous  (pressure-broadened) 
linewidth  (Refs.  A5-A8) .  With  regard  to  the  susceptibility  number  on  which  the  Rado- 
DeMartini  values  are  based,  it  is  possible  that  the  field-induced  absorption  measure¬ 
ment  was  not  accurate,  or  there  may  be  an  assumed  convention  for  the  susceptibility 
that  is  not  explicitly  stated  (such  as  the  factor  of  h,  convention  introduced  by  Maker 
and  Terhune  (Ref.  A-9)).  It  is  to  be  noted  that  Rado  points  out  that  the  suscepti¬ 
bility  value  he  reports  for  Ar  is  about  a  factor  of  three  lower  than  a  value  derived 
from  Kerr  effect  data,  and  that  the  assumed  ^  susceptibility  does  not  account  for 
all  the  features  of  stimulated  Raman  scattering  in  H^  (Ref.  A-2). 

Given  these  uncertainties  about  the  number  to  which  the  Rado-DeMartini  sus¬ 
ceptibility  numbers  are  normalized,  the  consistent  course  is  to  use  the  Refs.  A-2, 

A-3  results  for  the  relative  contributions  to  xnr  Hue  to  different  chemical  species, 
but  to  scale  all  the  absolute  magnitudes  in  accordance  with  a  theoretical  suscepti¬ 
bility  value  for  Q( 1)  of  H2.  If  the  larger  of  the  two  spontaneous  Raman  cross  sec¬ 
tions  reported  in  Ref.  A-4  and  the  linewidth  value  of  Ref.  A-8  are  employed  in  the 
theoretical  calculation  of  the  H2  susceptibility,  the  result  is  that  the  Rado- 
DeMartini  susceptibility  numbers  should  be  scaled  up  by  a  factor  of  about  2.5.  The 
resulting  background  susceptibility  for  Ar  gives  very  good  agreement  with  measure¬ 
ments  in  a  calibrated  CO-Ar  test  mixture  as  reported  in  the  calibration  section.  In 
Table  A-I,  revised  susceptibility  values  using  the  above  procedure  are  presented  for 
various  species. 
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TABLE  A- I 


REVISED  BACKGROUND  SUSCEPTIBILITY  VALUES* 


Gas 

He 


Ar 

d2 

N„ 


NO 


^4 

C2H6 


ynr(xI018cm3 

2.78 

11.63 

9.75 

10.13 
9.75 

31.5 

22.13 

46.5 
15.0 


*To  be  used  in  the  following  expression  for  x 


(3) 


xO) 


2cJ  N  £  A  (3a/ 3fllj  +  xnr 

j  2'Awj-iFj 


Using  the  newly  calculated  value  for  the  background  nonresonant  susceptibility 
of  Ar,  computer  calculations  over  a  matrix  of  CO  concentrations  and  gas  temperatures 
are  presented  in  the  following  pages.  These  calculations  were  used  to  deduce  the  CO 
concentrations  reported  in  the  body  of  the  report.  The  calculations  assumed  the  CO 
Raman  linewidths  were  similar  to  those  of  N2  and  include  appropriate  temperature  and 
rotational  quantum  number  dependences  (Ref.  A-10) .  Calculations  showed  that  the 
computed  spectra  were  not  very  sensitive  to  the  Raman  linewidths  unless  extremely 
low  values  were  chosen. 
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Concentration  Series 


The  following  graphs  present  the  temperature  behavior  of  CO  CARS  spectra  at  a 
fixed  concentration  over  the  range  of  concentrations  from  0.5  to  100.0%  as  noted. 
The  temperatures  employed  in  the  calculations  vary  from  bottom  to  top  in  300  K 
increments  from  300°K  to  2100°K. 
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The  following  graphs  present  the  CO  concentration  behavior  of  CARS  spectra 
at  a  fixed  temperature  over  the  range  of  temperatures  from  300°K  to  2100°K  in  300  K 
increments.  The  concentration  values  employed  in  the  calculations  vary  from  top  to 
bottom  in  each  graph  and  are  respectively,  0.5,  1.0,  2.0,  5.0,  10.0,  20.0  and  100.0% 
respectively. 
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